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ABSTRACT

PLASMA -STERILIZATION TECHNOLOGY FOR
SPACECRAFT APPLICATIONS

This contract consisted of four study phasés that provided infor-
mation on the application of plasma gas technology for solving problems
associated with planetary quarantine.

The first phase determined that helium plasma, generated at reduced
pressure (0.2 mm Hg) was the most efficient for killing microbial spores.

Phase II expanded the types of organisms tested for evaluation of
helium plasma, and the results demonstrated that all of the organisms
tested were susceptible to plasma. Plasma diagnostics determined that
thé primary kill mechanism was energetic ultraviolet irradiation. High
electron temperatures were responsible for physical disruption of micro-
bial cells.

During Phase III, helium plasma was demonstrated to be effective
for sterilizing long capillary tubes of 'aried diameters. Plasma gas was
shown to be an efficient surface sterilizer.

Phase IV analyzed the effect of plasma on spacecraft materials. The
results showed that the plasma process was compatible with most tested
materials.

Results of the four completed phases demonstrated that plasma gas,
specifically helium plasma, is a highly effective sterilant and,as such,
is a technique that can be applied to remedy specific planetary quaran-
tine, and other, sterilizing problems.
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SUMMARY

; PLASMA STERILIZATION TECHNOLOGY
F: FOR SPACECRAFT APPLICATIONS

This is the final report submitted by The Boeing
Company to the Jet Propulsion Laboratory on JPL
Contract Number 953647. Four research phases

were conducted for the contract that extended from
May 1973 through September 1975. These phases are
discussed separately in this report in Sections II,
IIT, IV and V respectively. A detailed design of
the plasma generating apparatus is included in
Section VI. A summary of the total contract effort
is presented in Section I.
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INTRODUCTION

Traditionally, sterilization and decontamination of spacecraft components
have heen accomplished by heat or by cheémical solutions, Certain materials
and complex equipment often suffer a loss in reliability due to heat

damage or chemical incompatibility. In addition, these traditional umtlhods
are not readily adaptable for use in space, i.c¢., on interplanetary sample
return missions.

Plasma cleaning and sterilization involves exciting a gas and passing it over

the material to be sterilized. The apparatus used includes a gas exciter
(radio frequency), a sterilization chamber and vacuum pump. In operation,
specimens are placed in the sterilization chamber, pressuré reduced, and
excited gas is introduced. Sterilization occurs. The plasma process

does not appear to degrade materials which have bee: tested to date and, f
in addition, does not significantly raise the temperature of the object l
being sterilized. The objective of this investigatien was to develop and 1
apply plasma gas sterilization technology to problems associated with
planetary quarantine.

The program consisted of four phases. The approach of Phase I was to

obtain data that defined the effective sterilizing ranges of four sepa-

rate gases with respect to power and pressure. The second phase was

conducted to determine the 1¢ =1 constituents of a plasma environment.

The effectiveness of plasma against a diverse group of microorganisms was ,
also investigated. The third and fourth phases respectively determined g
the penetrating efficiency of plasmas for sterilization and the compati- ‘
bilities of spacecraft materials with a plasma environment.

-

Also included in this documentation is a detailed design of the plasma
sterilizer used throughout the study.
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PHASE 1

RADIO FREQUENCY GENERATED RLASMAS OF
ARGON, NITROGEN, OXYGEN, AND HELIUM

Specific test matrices were designed to define optimum radio frequency
(rf) power, the "best" single gas, and chamber pressure required for
plasma sterilization.

Plasmas of argon, nitrogen, oxygen and helium were generated at pressures
of 0.2 through 1.0 mm Hg. RF power ranged from 50 to 300 watts.

Sporas of the organism Bacillus subtilis var. niger were axposed at timed
intervals to the plasmas and analysis for survivors followed.

The data showed that helium gas, jonized with 300 watts rf at 0.2 mm Hg
chamber pressure,. was the most efficient combination for killing B.

subtilis spores. Also, plasma envirenment measurements indicated that

ultraviolet -rradiation that resulted during recombination of the jonized
gases was a dominant ki1l mechanism in plasma.




{ PHASE 11
v PLASMA GAS CHARACTFRIGTICS

Data obtained from Phase I was used to expand the range of microorganisms
tested for evaluation of plasma sterilizing properties. In addition,
plasmas of mixed gases were studied., Measurements o characterize plasma
and to define the lethal constituents were developed.

A variety of typical spacecraft organisms, in addition to fungal spores
were selected and exposed to helium plasma for varied time intervals,
Analysis for survivors showed that, although deith rates varied between )
microbial types, all of the microorganisms tested were susceptible to
the lethal effects of plasma.

The primary mechanism responsible for killing microorganisms was theorized
to be energetic ultraviolet irradition, particularly the 21.2 eV resonance
Tine. In support of this, measurements of plasma constituents revealed
that high electron temperatures were present and most probably resulted

in physical disruption of the integrity of a cell.

Plasma diagnostics were developed that enabled correlation of increased
microbial déath with increased plasma density (electron temperature).

Plasmas of mixed gases were shown to be less effective in killing bacterial
spores than the single gas helium.
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PHASE 111
PLASMA GAS PENETRATION

Difforent geometric configurations were éxposed to plasma to determine
the effectiveness of lonized gas for contaucting and sterilizing all
surfaces, Contaminated capillary tubing of varied internal diameters
(I1.D.), and lengths, and mated surfaces were exposed to helium plasma.
Analysis for survivors showed that tubing of 0.07 cm I.D. and 12.0 cm in
length was sterilized. The initial spore contamination level of 104

was reduced to 0 within one hour of plasma treatment. Résults of con-
taminated mated surfaces showed a slight reduction from original num-
bers, but the helium plasma was unable to penetrate and sterilize
mated.surfaces at the exposure levels tested.
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PHASE TV

EFFECT OF PLASMA GAS ON SELECTED
SPACECRAFT MATERIALS

Spacecraft materials ware subjected to a plasma environment to determine
material compatibility with the process. Specific analyses were con-
ducted for comparisons of before and after plasma treated Specimens,
These included reflectance, transmission, mechanical testing, electrical
resistivity, and visual appearance.

The analyses showed that, overall, helium and oxygen plasmas did not
alter the measured properties of most test materials. Exceptions were
hoted for three films tested for mechanical tension and in a black coat-

ing analyzed for reflectance after plasma expesure. The degree of changes
ranged from slight to marked.

Evaluation of compatibility of materials with plasma should be determined
by comparison of alterations in similar properties of a material after
other sterilization methods and by the predicted usage of the material.
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PHASE 1

1.0  PURPOST.

This phase of the program was concerned with defining and comparing the
effective sterilizing ranges for different single gases as related to
radio frequency power (rf) and vacuum pressure. Also, Lheories con-
cerning the physical nature of plasma were formulated from experimental
measurements developed during this phase.

2.0 INTRODUCTION

Previous preliminary Boeing data showed the feasibility of using an
argon plasma, generated at low pressure, to kiil Bacillus subtilis var.
niger spores. RF power values were aiso shown to affect the rate of

spore death. In addition, a study "Evaluation of Plasma Cleaning and
Electron Spectroscopy for Reduction of Organic Contamination" (1972,
JPL PO GU-561461) demonstrated that plasma was an effective technique
for the removal of microorganisms and organic films from surfaces.

3.0 PROCEDURE

Phase | was designed to define, via specific test matrices, optimum rf
power and the "best" single ga3 and chamber pressure required for plasma
sterilization. Also, formulation of the theoretical physics of nlasmas
wds initiated. A description of the two tasks that comprised Phase I
follows.

10
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3.1 TASK 1 - PLASMA OF SINGLE GASES

The objective of this task was to determine the relative effectiveness of
different gas plasmas for sterilizing. Plasmas ot argon, helium, nitrogen
and oxygén were generated by radio frequency electrodeless excitaticn,
Samples of microorganisms were exposed to the plasma environment and
analyses for survivors were performed,

The test equipment used in this study is diagrammed in Figure 1. Sy
monitored by a flowmeter, passed into the discharge region. External
copper electrodes excited the gas and initiated ionization. RF power
provided the energy coupling into the gas at 13.56 megahertz (FCC require-
ments). After rf excitation, the gas passed out of the electrode region
and the "active" species were carried through the glass sterilization
chamber and eventually exhausted. The electronics package, pictured in
Figure 2, consisted of an a-c power supply #516F-2, transmitter #325-3A,
rf linear amplifier 30S-1, antenna tuner #180S-1, and a directional watt-
meter #302C-3 (Collins Radio Company, Cedar Rapids,lowa).

In opuration, test samples were positioned in the sterilization chamber,
the pressure reduced, test gas flow adjusted, and then power applied to
excite the gas via the external rf coupled electrodes. The contiguration
of the plasma sterilizer was such that ionized gas flowed over the samples
through the chamber (Figure 3).

Parametric values for rf power, chamber pressure, gas flow and exposure
time were varied. The test matrix is shown in Table 1. The gases, argon
and helium, were each tested under these variables. The gases, oxygen and
nitrogen, were found to produce less effective sterilizing plasmas during
equipment checkout. Therefore, only the longest test exposure, 15 minutes,
was studied. Both of these latter gases were tested as shown in Table 2.

The effectiveness of plasma gas for sterilizing was determined by exposing
a controlled number of the sporeformer Bacilius subtilis var. niger to the
plasma and analyzing for survivors. lest samples were prepared by inocu-
lating sterile, stainless steel planchets, 1 inch in diameter, with

11

- X
NP

-t




P

. Ty T T e

8 POOR

¥}

'

PAGH

INAL

M

T

ORK

3
-
ﬂ
, LINN HO¥VISIY ¥3IZITIY3LS VWSV1d T 3dN9Id =
g
dv¥l @102 —\ 2
4409 WNNIVA A31YAITOSNOD m
390V9 DVAOLAY gh6cs 3dAL =
AN A1ddNS ¥3MOd -V
,/ ) SNIT10D Z-43]G—
1l o4 \\mum_éxu NOILVZIT143LS ,
z:mmwwlrnm | v {
00 ol O
DN i @ ol
<— MO1d VWSYd All_ Bolo o
// . ao 0. 0 /
1IX3 Sv¥9 | %@ B8 \
N \
, 00 Y311 IWSNVYL
Ni SY9 — um|| ,,
% Y o 0 L SNIT102 Y$-SZ¢
I(I\
o YI1ATIdWY HVINIT 3
o SNIT102 T-S0S
| » \ ¥3LIWLLVM
SNITI03 §-920S
O\n ¥INNL VNNILNV
71

. SNIT100 T-S08I
4313WM0 14 —

12

|




'FIGURE 2: PLASMA STERILIZER
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TABLE 1:

TEST MATRIX FOR ARGON AND HELIUM

| CHAmsﬁg ﬁRESSURE,
g
RF EXPOSURE
PONER | TIME, . 0.5 1.0
WATTS MINUTES -
GAS FLOW CC/MIN.
P 10 § 20 10 § 20 10 § 20
5 A-1% § A-4 B-7 § B-10 | ¢-13 i C-16
50 10 A2 | A5 B-8 | B-1l | C-14 1 C-17
15 A3 | A6 B9 | B-12 | C-15} c-18
] ] [}
5 D-19 § p-22 | E-25 § £-28 | F-31 § F-34
150 10 p-20 | D-23| E-26 | E-29 | F-32} F-35
15 p-21 | D-24| E-27 | E-30 | F-331 F-3
] ] ]
5 G-37 § G-40 | H-43 § H-a6 | o-49 1 J-52
300 10 6-38 | G-41| H-a4 | Hea7 | 950} 9-53
15 6-3 | 62| Heas | Heas | 9510 9-50
] [] §
* Taest Number
b
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TEST MATRIX FOR OXYGEN AND NITROGEN

TABLE 2:
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approximately 10° spores, The aqueous suspension of spores was spread
evenly 1n each planchet, which then was allawed to dry avernight in the
atr flow of a clean bench,

The test configuration for cach plasma test consisted of Tocating the
inoculated samples at three pasitions in the sterilizing chamber (Fiqure
4). At each position a glass ring held six test planchets and two sterile
control planchets. Therefore, each complete test, or loaded chamber,

was composed of 18 inoculated test planchets and six sterile controls.

Appropriate ambient die-off and procedural test controls were conducted
for each test. Analyses of the exposed samples and controls were per-
formed per standardized microbial recovery procedures. These procedures
were adapted from NASA Standard Procedures for the Microbial Examination
of Space Hardware NHB 5340.1A, and included sample inoculation and drying
in a Class 100 clean bench, microbial removal by sonication, and enumera-
tion with Trypticase Soy Agar pour plates.

An additional analysis was conducted during Task 1. For all test variables
of the test matrices, temperatures at the three chamber positions were
measured and. recorded immediately following a 15 minute plasma exposure.
Temperature probes consisted et stainiess steel planchets soldered to
thermocouples.

3.2 TASK 2 - PLASMA PHYSICS

The plasma used in these experiments is generated by an rf discharge in
low pressure gas. It consists of free electrons, positive ions, and (in
some cases) negative ions. In polyatomic gas species, the ions may be
atomic or molecular. The plasma is much less dense than the gas; for

every ion or clectron there may be millions of neutral gas atoms or
molecules.

The neutral gas is flowing from an inlet on one side of the rf discharqe.
through the test chamber, to a vacuum pump.  The plasma is carried alony
by the gas. Once outside the rf discharge region, the plasma decays as

17
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electrons and fons recombane, and at each recombination event, the
fonization anergy is released, usually as Tight, aften in the far ultra-
violet (uv) region.

3.2.1 _Langmuir_Prabe Characteristics

Plasma choracteristics were determined by Langmuir probe measurements.
An electrode or "prohe" in the plasma was connactad to an external power
supply and the current collected by the probe was measured as o function
of the applied voltage (Figure h),

3.2.2 Plasma Kill Mechanisms

The two most likely microbial ki1l mechanisms in plasmas are ultraviolet
jrradiation from the recombining plasma, or sputtering of the cell wall

by ion bombardment. Experiments were performed to obtain data on these

two .possible mechanisms.

3.2.2.1 Ultraviolet Irradiation

One mechanism by which a plasma sterilizes may be due to the production
of ultraviolet irradiation. The recombination of iens and electrons may
provide a source of intense "flowing" uv.

Helium and argon are good uv sources. Most of the volume recombination

1n argon and helium at low pressures will be two-body radiative recombi-
nation. Much ef the recombination energy will appear in uv lines with

the resonance line at 58 nanometers. There will also be a lower energy

uy continuum (60-110 nanometers) due to a three-body radiative recombi-
nation, a neutral atom being the third body. the uv spectrum from surface
recombination is not known, but is probably similar to the three-body
recombination spectrum. In helium, some of the continuum can pass through
most uv windows (sapphire, quartz), but the 1ine radiation cannot. Nitro-
gen should be a poor uv source, since recombination of negative and
positive ions will tend to radiate the recombination energy in long wave-
length molecular bands. Task 3.2.2.1 was to screen for the presence of
lethal uv in helium plasma.

19
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Ultraviolet cannot pass through "qreen” glass. The transmittance of green
glass does not hegin until approximately wavelenqgth 350 nanometers,  Thig
is well above the uv spectral regicn, On the other hand, a sapphire win-
dow will transmit at 140 nanometors, This filter allows uv to pass,

The cxporimental approach was to protect B, subtilis spores from us and
the plasma constituents. This was accomplished by covering three Qi 14
planchets with green glass. In addition, spores were oxposed to uv by
covering three samples with sapphire windows. These samples also were
protected from the plasma constituents.

Uncovered spore samples were included and these were exposed to the com-
plete plasma environment: .ions, electrons, and recombination uv.

3.2.2.2 Sputtering

Sputtering was suggested as a ki1l mechanism, especially for the argon
plasma, because the ion bombardment energy is sufficient to cause sput-
tering. This would require opéning the cell wall to allow outgassing of
the cell. Sputtering rates are not known for organic materials. For
inorganics there is some data on sputtering by argon fons, and similar
sputtering rates could damage cell walls significantly. Sputtering has
a mass-dependent threshold. At the available ien energies, argon might
sputter effectively, whereas helium could not sputter most materials at
all. The only significant exception being that helium ions might sput-
ter the hydrogen atoms in organic waterials.

Several experiments were conducted to dist*nguish between the kill
mechanisms. These experiments were conducted in helium plasma. The

planchets were connected to pewcr supplies, and ki1l was measured with 1
the planchet voltage set at several points on the probe curves. Sample
spore planchets were not normaily connected to any outside voltage, so 1

the spores were usually at floating potential. By putting the planchet
at ground potential, we increase the bombarding ion energy, but not the
flux (Section 4.2.1 for Definition).
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Similarly, at voltages near ground potential the same flux of jons strikes
the surface of planchets with less energy. Sputtering kill would drop
drastically: uv ki1l shoutd stay approximately constant, Just abave space
potential, the fons can no Tonger veach the planchet surface, and both
sputtering and the surfaco recombination contribution to uv ki1l should
stop.

4,0 RESULTS AND DISCUSSION

This section documents the results of Phase T, 1t consists of Tasks 1 and
2.

4.1 TASK 1 = PLASMAS OF SINGLE .GASES

Plasmas of the gases argon, nitrogen, oxygen and helium were tested for
their sterilizing effectiveness, Data obtained are-presented.

4.1.1 Argon Plasma

The number of B. subtilis spores that survived exposure te argon plasma ‘
were recovered, Calculations for percent microbial survival were made and
are recorded.in Table 3.

g
)
e
vy
.

From these data it is noted that:

(1) Percent survivors decreased as chamber pressure decreased.
A pressure of 0.2 mm Hg resulted in more microbial kill.

(2) A power input of 150 watts (rf) appeared to excite argon to ,
a more cffective sterilizing state than 300 watts (rf). 4

(3) Using Position 3 as a conservative reference point, optimum j
ki1l through the chamber occurred at operating conditions “
of 150 watts and 0.2 mm lg pressure for argon placm.

(4) Variation in the volume of argon gas (10 and 20 cc per min.)
did not appear to significantly influence the percent
microbial survival.

Sample temperatures, recorded after 15 minute argon plasma tesis, ranqed
from 21° to 70°C (Tabie 4). Chamber positions 2 and 3 experienced no
temperatures in excess of 30°C at all test conditions.
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4.1.2 Nitrogen Plasma

Generally, B, subtilis spores were not affected to any great degree by
exposure to nitrogen plasma for 15 minutes (Tahle §). Sample tomperatures
during plasma exposure ranged from 227 to 38%C  (Table 6).

4,1.3 Oxygen Plasma

Oxygen plasma was found to be a relatively weak sterilizing agent (rable
7). Some lethality was noted at the two lower chamber pressurcs (0,2
and 0.5 mm Hg). Under the test conditions for plasma production it

. appears that oxygen plasma was slightly more Tethal than nitrogen, but
nowhere near as efficient a$ argon plasma. Sample temperatures during
oxygen plasma production were comparable to those recorded in nitrogen
plasma.

m N v W NGNS WrTSUALeRET o A3 0 L Tt oar vr¥  ni o mm oM o omew w

4.1.4 Helium Plasma

Table 8 is the survival data obtained from exposing B. subtilis spores
to helium plasma. :rom these data it is noted that:

(1)  The number of survivors decreased as the chamber pressure
T decreased. A greater total spore kill was observed at
¢ 0.2 mm Hg than 1.0 mm Hg.

(2) A power input of 300 watts (rf) excited the helium to a
very effective sterilizing level.

(3) Using Position 3 as the most conservative reference point,
the greatest spore reduction occurred at operating conditions
of 300 watts and 0.2 mm Hg pressure for helium plasma.

(4) Differences in helium flow did not greatly change plasma
sterilizing effectiveness,

(5) Helium plasma was generally more efficient as a sterilizing
agent than argon, oxygen, or nitrogen. Microbial kill was '
noted at most of the operating conditions of the test matrix.

Sample temperatures during helium plasma production ranged from 199 to
50°C (Table 9).
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4.2 TASK 2 - PLASMA PHYSICS

Measurements of the plasma properties have been made, and experiments rela-
ting plasma phenomena and sporé ki1t have been carried out. In this section,
the plasma characterisiics are described; some of the relevant plasma phenom-
ena are explained: and.the results of experiments to determine the mechanism
of ki1l of plasmas are described.

4.2.1 Plasma Characteristics

The properties of the plasma have baen studied by Langmuir probe techniques.
The first probe results revealed that the plasma has several unusual features
which demand care in interpreting measurements.

Most rf generated flowing plasmas are characterized by Tow electron and ion
temperatures and rapid volume recombination downstream from the ionization
region (bétween the rf plates). The visible light from these "flowing after-
glows" is dominated by the recombination spectrum, and the uv light by a con-
tinuum at energies well below the resonance line. None of the ions and elec-

trons in such discharges have sufficient energy for impact damage to any surface.

The rf generated flowing plasma used in these experiments; however, is quite
different. While the ions are still cold (meaning perhaps 1000°K}, the elec-
trons are fairly hot, having a temperature of approximately 80,000°K in the
helium plasma, for example.

High electron temperatures have several important effects on the behavior of
the plasma. First, the recombination rate is lower, and, consequently, the

plasma can flow further. Second, insulating walls and other objects drawing
zero net current from the plasma are charged to a neqative potential, called
the floating potential.

KT,
Ve oo Lo (mg/mo) (1)

t\
Where T, is the electron temperature, K is Boltrmann's constants, is the
jon mass, and ¢ and m_ are the charge and mass of the electron.  (The term
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“temperature" {s used merely to denote the average 2lectron enerqy, and does
not necessarily imply a Boltzmann distribution, although Eq. (1) is most ac-
curate for a Boltzmann distribution.)

A11 floating (insulators and any other surface collecting zero net current)
surfaces are bombarded by ions attracted by the negative potential. In nitro-
gen, for example, the observations indicate that ions with energies up to 42
electron volts are bombarding the flowing surfaces.

The floating potential given by Eq. (1) is not measured with respect to ground
potential but instead with respect to the potential of the nearby plasma,
called "space potential" or "plasma_potential." In most plasmas, space poten-
tial is close to ground .potential, and floating potential, when measured with
respect to ground, is given by Eq. (1).

In this plasma, however, space potential is high, being about 75 volts above
ground, and floating potential, although properly negative with respect to
space potential (Eq. (1), is positive with respect to ground. Space potential
is usually very close to the potential of the most positive electrode exposed
to the plasma. In.this.system.there is no electrode in contact with the plasma.

The high positive space potential (75-100 v) results from the lack of a good
reference electrode, and is easily modified by any apparatus which tends to
supply such a reference. Consequently, plasma experiments must be conducted
and interpreted carefully.

The unusually high electron temperature is due to rf fields which leak from
the excitation area. These fields are measured at 30-50v/cm, which is not
sufficient to cause breakdown, but is enough to heat the plasma. -

The potential drop between the plasma and a "floating" object (a spore, for
example) occurs over a distance, called the Debye length, which is characteris-
tic of electrosfatic effects in plasmas. The number of ions which will bom-
bard the surface with the full energy given by the floating potential depends
on whether or not they can travel one Debye length without colliding with a
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peutral gas atom. In helium the mean-free-path of an ion is

) AC o 1/72p (2)

where p is the pressure in torr. The Debye length is:

Ape ST (3)

} ' where n is the elet¢tron density (electrons/cma) and Te is in degrees Kelvin.
- The ratio of Debye length to mean free path is:

Aplhe = L5 p/(10710 )k (4)

for the electron temperatures observed in helium. Then most fons bombarding
a floating object will.have the maximum kinetic energy, eVe if

>

n > 2 x 1010 p2 (5)

The conditions in the experiments conducted satisfy Eq. (5) at the lower
pressures.

The flux of ions bombarding a floating surface is relatively independent of

the pressure, and is proportional to the ion density in the nearby plasma.

The total flux of accelerated heavy particles, however, increases with pressure
because of charge transfer collisions--an ion being accelerated toward the sur-
face may pick up an electron from a passing neutral, and contirue (now neutral
itself) with no further acceleration, while the passing neutral (now an ion) ;
is accelerated the rest of the way to the surface. ‘

The Debye length is relevant to another important physical process that must .
be considered for future investigations--penetration of holes and cracks. The
one A thick region where the potential drops from space potential to float-
ing potential is called a Langmuir sheath, a space-charge sheath, or just a
sheath. The electric potential in the sheath accelerates ions, and repels

— immeloma o s ae e e s

electrons, letting just enough electrons through to balance the ion current.
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Nowimagine a hole-in a surface exposed to plasma. If the hole is less than a
Debye length across, then the sheath will close across the hole, and prevent
most electrons from passing through the hole. The fons which go through are

then stopped, one Debye length beyond the hela, by another sheath set up by

their own positive space charge, This phenomencn must be considered with respect
to a practical application of plasma penetration and may prove to be the "fuiiiny
case,

4.2.2 Langmuir Probe Characteristics

Figure 6 shows a Langmuir probe curve recorded in nitrogen plasma using a plan-
chet as the probe. This has the usual feature of plasma probe curves, and we

use i1t to illustrate both the standard interpretation and the dangers. At the
lowest voltages theré is a nearly constant positive current, called the ion satu-
ration current, labeled (1) on the plot. Knowing the probe area, and assuming

an ion temperature of 103°K. which is a good order of magnitude estimate for

most plasmas, we calculate, from the fon saturation current, that the plasma

density.ds..n, =~ 3 X 1011cm'3.

At (2) on the probe curve the positive current starts to decrease as a few of

the most energetic electrons get through to the probe surface. The zero current
point (3), is a floating potential, here at 70 v above ground. The discontinuity
in the curve just above floating potential is due to a change of instrumentation.

At (4) on the curve, the electron current is rising rapidly as the probe approach-
es space potential and more electrons can overcome the repulsive potential bar-
rier. At space potential (5), all electrons can reach the probe, and the curve
flattens somewhat,.the continuing increase being due to the slow growth of the
region from which the probe attracts electrons. At (7) the probe voltage is so
high that the probe is causing breakdown, and the current increases rapidly

again,

Knowing space potential and floating potential, we can obtain Te from kq. (1).
The current at space potential then uives the electron density as
Ng 6 x 109cm‘3. or only one-fifticth of fon density. Since the plasma must be

-
Ries e




NITROGEN, PLANCHET #1
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FIGURE 6: PROBE CURVE
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neutral averall, ane normally expected to find
(6)

and this 18 used as a chock on the validity of the probe curves. In this case,

N the measurement of g is sound, but somewhat uncertain hecause we had to quess
i?' the fon temperature, There are scveral explanations for the large ratio of
3 n,/n_ observed in nitrogen: ‘

(a) It's real--space charge neutrality is provided by a
i large number of negativé ions. ]

(b) The fons are extremely hot. This is most unlikely.
The ions would have to be considerably hotter than
the electrons, but they are cooled by very frequent
collisions with the room temperature neutral gas.

(¢c) The saturation point on the curve {is false. Distorted
space potential data is obtained when the plasma cannot
supply the probe current, or when the probe voltage
generates extra plasma. This clearly occurred in the
helium plasma. (Section 4,2.3,2 and Figure 7)

The deficient electron density is probably real. Nitrogen tends to form negative

jons.,

For the nitrogen plasma we could conclude that the ion density is 3 x lollcm'B.

that the electron density is =~ 6 . 109, that the electron temperature is approxi- ‘ ‘N
mately 90,000°K, and that about 80 ma of ion current are bombarding each plan- - W
chet (when.floating) with.energies of up to 42 eV per ion, T]

The 1ow effectiveness of nitrogen is partly explained by the Langmuir probe
results. As pointed out earlier, the preponderance of negative ions, which )
is the most likely explanation of the difference between u, and n_, leads i
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to a Tow uv radiation flux. Furthermore, nitrogen should tend (there is no
data) to be a relatively poor low enerqy sputterer because the molecular ion,
colliding with a wall, tends to give Its momentum to more than one atom of the
wall material,

4.2.3 Plasma K111 Mechanisms

Data were obtained to elucidate the mechanism responsible for killing micvy
organisms when exposed to plasmas.

4,2,3.1 Ultraviolet Irradiation

Table 10 contains the data obtained from a screening test to detect the presence
of ultraviolet in helium plasma. Spores that were protected from uv survived.
Spores that were covered with a sapphire window, and saw wavelengths in the
ultraviolet region (140 to 300 nanometers), did not survive.

The data may be interpreted that uv, or rather something shorter than 350 nano-
meters, was present in the helium plasma, and that it was lethal to the spores.
The data may also suggest that exposure to the "lethal agent" is not dependent
on having the helium plasma constituents in direct contact-with.the.spores. Thus,
it appears that sputtering is not the dominant kill mechanism in helium plasma.

4,2.3.2 Sputtering

Figure 7 depicts a Langmuir probe curve for helium. At points A, B, C, and D,
planchet samples of spores were exposed to helium plasma. The number of spores
surviving at these "potentials" are recorded in Table 11.

The exnerimental points, A and B, ground and floating potential, yielded data
that show no apparent relationship to ion energy as would be expected if sput-
tering were a.dominant kill mechanism. The other two points, C and D, were
intended to be just below and just above sbace potential respectively. Un-
fortunately, it was impossible to reach the latter two conditions, because
planchet voltage near space potential seriously disturbed the plasma, caused
more ionization, and actually increased the kill rate.

Further tests showed that even very small probes disturbed the plasma when
set near space potential. It is probably not possible, even with refined
techniques, to carry out the experiment at points C and D in a helium plasma.

RY)
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TABLE 10:  PERCENT SURVIVAL OF BACILLUS SUBTILIS

‘ SPORES FOLLOWING 15 MINUTES EXPOSURE
o TO HELIUM PLASMA a

! CHAMBER POSITION A
SAMPLE TREATMENT
1 2 3 3
Glass Covered (No UV) 67.50° 50.00 57.50 i
| Sapphire Covered (UV) 0.02 0.01 6.25
Uncovered 0.00 0.00 0.01

% 0.2 mn Hg, 300 watts rf

Mean of 3 replicates, 4 x 105 spores at 0 time.

D h . meaet e memm o es
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HELIUM, PLANCHET #13
POSITION 2

50 watts, 0.2 mm Hg, rf 3.7 volts at Pos. 2

1.4 1

-1.0 1

{-ma
-6 7

Ve = 88-39 = 49 V

+ ‘2 -, I : L A "N Ihnhhais AN o ! e}
0 20 40 60 80 100 120

’ V - Volts

FIGURE 7: PROBE CURVE FOR HELIUM PLASMA
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TABLE 11: NUMBER OF BACILLUS SUBTILIS SPORLS

——e——

SURVIVING A 15 MINUTE HELIUM PLASMA
ExPOSURE (8

(A

SAMPLE PLANCHET

NUMBER SURVIVORS

A. Ground

B. Floating Potential

C. 80 Volts

D. 100 Volts

(a) 50 watts rf, 0.2 nm Hg, Position 2

(b) 4 x 10° spores at 0 time

I

A0
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5,0  SUMMARY

The data of the results of plasma experiments completed during Phase I
indicate that. the combination .of a low chamber pressure (0.2 mm Hq),
an ionization power input of 300 watts (rf), and the single gas helium
are most efficient for killing B. subtilis spores.

In additior, the data indicate that sterilization, with helium plasma,
is only weakly dependent on those factors which would strongly affect
high sputtering rates. These results, although preliminary, suggest

that ultraviolet irradiation is the dominant ki1l mechanism in plasma.
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X ! 0.0 APPLNDIX

: ! The data for Phase-l are presented in Tables 19 through 16.

-

47




R A

.
]

$33e3}1d34 9 4O uRay

a3 O 3¢ sessds cS T 6y (W)

{q)
JILETE JOT X EY (o1 X 42 WO XED W01 X EE Pr*9s JOL X TE PLXSS LT 51 @
(T EEE N oy gL LI X0V QoL X LE orret JOL X6 MU A (P16 01 ot ,,
CLEEY Rug (S ELE LI X9y YT xoy 0T X 91 YL XSE HTxe? Prese $ v
00¢
]
QLEEE gt ez L XSt ST XEY WOy PUSER porree L xTS PT X e st !
o X LTy ST X8E ST WoOrxse gor r et WO X0 T xo9 (01 X 872 o o w
Mol l 8| TS T X6 oL X 6°r O XYY SO x0T N R Or X LS MO B! $ {
: J
(O LE (ST TY pBrees _ QoI X UE O ret Preez 01 ¥ §°1 URR A 1 x2Y 1 .
Nag X 24 (L 2o prese Jorxee PUSR N Qe porret PL X6 xS o1 ® '
gL ETE Ra g X x9S ST X9 I XUy PN rxoe o1 * 98 Pr s 5
ost
_ Nt R 3 Rug B8 UL M JOT X 9°€ L X L9 O xSt RUE B PUSLE N (O X €2 51
i (UL x0s Mg S0 PJUXLE | OTXTE J01 X 672 PUSL 0T X 8°t PL X E6 (oL X 9°E ot n |
i LR ET Nug N TXST 1 erXSTy SOLXEE Srrevt SO1 X 01 Qorxze T xss 5 '
JJTrES 400 X §°S ST X2y JHLXEY L X LE Qrret JOT X 6°€ 0L X 61 01X 91 st "
JIL x2S (ST X 0°S POEX 0 ST X8 NI XY LT xTs 40T X 6°€ Jorret POSLE 8t 1} 0z
LIRS 40T * 35 YL XE" W xes yOL X 28 SOL ¥ 51 Rog P X el LOrxey $ 6
Nug R & JOL XS5y OISy oL XLy o x ey L xze JOL ¥ 6°€ L X L9 (Ol X 88 st
LI X ¥S S XTS HUx LY Py JOLX LE POLEYT ST X 08 JOrxre U A o1 o1
Gy rey Rug B3 JPOrxes yOL X 9°€ NURR N PO x 61 WOT XY SOt X572 o n.M ) 5
q
€ KILISGd Z %arirsod T KDILISOd € NOILISOd 2 NO141504 1 HOILISOd £ NOILISOd 2 NOILISOd T NOILISDS
: “NIn “hIN/J3 sium
ot 50 . - 2°0 JUNSO4X3 ‘WU .ww..wm
SH W *38NSSTU ﬁaz&
(n)3iNS0da YHSY1d NOSHYV BNIAIAUNS S3U03S SITILIENS SNTIIJVE 40 ¥3BWMN
NOQ.W
gﬁm@ :m.w.mmo
1ao

43




. 7” 2

wOﬂ £ [°E m wQﬁ X 37z d@w £ %' wcﬁ X Cc'f ¢0H LA ¢oM X [°2 eoﬁ X [°E ¢o~ 7672 QOH ¥ 77 aoe
LIXTe | aTxgs | gTxee | oTxey | 01X 2w [0 X L8| 0 X 3. LU X ve) ot xie oel

T e
mmﬁ X 3°¢ q@ﬂ ¥ G g #oﬂ Gy woﬂ X gy voH X $°'9 ¢oH X9y QOH X 6°¢E voH X 5% QOH 4 o.w ne
€ KOILISOd |2z MoILTsod {1 n0111S0d 1€ NOILISOd |2 NOILISOd {1 NOILISOd |€ NOILISOd |Z MOILISGE |1 %0ILISOg

Siig

, 0’1 50 2°0 ¢ 4zwig
- =4

OH WA JYNSSTYd YIGWYHD

eYWSY1d N3S0ULIN OL 3YNSOdX3 JINNIW ST V¥

GIAIAYNS 1VHL STWOdS SITNILENS SNTTIOVE 40 ¥3IGWAN €T 378Y1




£

; 2Ly 0 3® Ssucas 0T ¥ 172

£~ 13
0T £ 852 LI x ¢° A1 £ 502 ° ‘ ) 1 ° " 1°¢C O one
gU 5 | ol * € c uuﬁ moH X 1°¢ mcﬁ X g°c NoH X ¢°1 mop X 07l 017 1°¢ { oot
( T°*°C { ¢ T°F . - . - - - -~
moH x 1°¢ muﬁ X1t mcﬁ x1'¢ mca X 92 moﬁ X y°e moH X1°1 moﬁ X g£°¢ mOH X gz o £5l
3T d4Y LON 1S3L 0T X 9°¢ 01 x §°¢ 01 x 0°¢ 01 x ¢°¢ 01 ¥ E°¢ 0T » 1°1 Lt =
g S § S § 5 “
i 3 .
€ MOILISOd |2 NOILISOd | T NOILISOd| € NOILISOd | ¢ NOILISOd |1 NOILISOd |€ NOILISOd | 2 NOILISOd |1 NOILISOd
SLITM
. g1 §°0 ¢'0 “¥3rcd
. Je
9H WW “3¥NSSIUd YIGWVHD

e YWSY1d N3DAXO DL F¥NSOdX3 31NNIW ST ¥

G3IAIAYNS IYH1 S3¥0dS SITILANS SNI1IdYE 40 ¥3EWAN  ¢1 318Wl




hndiid

S0} 094 § 40 L (@)

\J
3

Piih

oy

*Fwj3 0 I SIS mS x2'y (W) —
; 1 R
! i o Hug freve QU xs2 IR R RN N1 %972 PIxTE {01 X671 51 | m —
(T XEE LT EOE Orres L XTE OT X € LTS US RN oL X L6 Lrrre o 5 ; o
g T8 mrzt GO xZE JOIXTE AT oL xSt QXS et 5 ' oot -
h 1]
Voot oL x L€ crx2 (1} 48 S ] or X £°6 o1 x 1°9 01 X §°¢ oI X Ly 01X 96 st
I 2 2 T ¥ E 0 rd 1 0 ot
~ WL Es 401 X 875 LTS SO TEY SO RS ] Preet 01X 0E o1 %8S PLETYy o1
X . . . " - : . . . . - . [
i Jerxes fOL ¥ L€ Qe BT X ED SO1 X 672 xS Kog 3 4 S 61 Q1 x91 “
Rug XN Ol X 0T L1181 ! ¢01 X 0°E GO X ET Qe gOT X B LUXEL (o1 X 0°E 1 i |
QGTErt Qrrr MoR R Xk DU X 0P O x 92 QT xsT ST x99 P xLe L1 X0t o1 ve
T ¥ LI * &1 JETY OI XLy JOLxTE O ¥ 02 LR N oLt L0 X i1 s o1
Mag X e Srxz LT x9e JSLx6Y SO et Pt SHOLX 6T ms x Ly OLxLs st
gt x LT 3T x gL 1 W] oL X 1°§ 01 * 9°1 01 x et o1 x 21 3T x £°¢ ol X 6°8 o1 o
g . s ] . y i v . 1 . » . 1 ) o . . ©
JQrEet grxet BT xTT NI EES LSLXSY PrEL9 SHLX2TY QLY 0L (Pl 62 42
Kug Rl SR ES Rug X O * 08 JOL X 96 0T X L°E T X 61 PO 56 ST X ET st :
AT XTT X TT I X T9 O X ST QL X 21 QL X 28 JIXET JL X2 201 X €°€ o o :
X . . . . . - . . - [3
I ETT grx2r,  ouxg O ¥ 02 o1 X272 NOR R 3 IR R R Fa 0l X 28 -
KRR A ST * Tt JOLEEY QUL X 1T QU 1T 01 X 0°1 401 X 6°6 LOIET8 Ul R 5t
Jorxoz GLXsT ot xes OIX§T  Orxer  0IX61 JSOUXES  0IX9§ 01X 9S o o
JQrree X re2 JHLxst ST XVE 1 x 82 GO1 X By oI X 91 Prret AT
(%)
£ MOILISOé ZWOLISHE T ROILISHd € MOILISOd 2 POIAISDd T NOLLISOd £ NOILISOA 2 WOLLISOd T NOILISOd . IR
: SILONTH .5:& .Muﬂ
= 'y 20 ¢ TNSDdII ‘a0 0
(1 4 § YWSYd WIH el
oH W * TUNSSTU UIBVHD
(v) JUNSOAX3 VWSY1d WAITH SKIATAUNS S3Y04S STIILENS SNTUVE 50 YITWON
gt ImvlL
* ‘ ’
. . i NTHEE & & AN -

INRIBT

IR
o

!




LR I A DR

TABLE 16
: | NUMBER OF BAGILLUS SUBTILIS SPORES SURVIVING

: ‘. 15 MINUTE EXPOSURE TO HELIUM PLASMA @

CHAMBER POSITION

: Uncovered

SPORES
1 2 3
b
Glass Covered (no uv) 2.7 x 10° 2.0 x 10° 2.3 x 10°
3.0 x 109 1.0 x 10! 5.3 x 10°
Sapphire Covered (uv) 6.0 x 101 5.6 x 10! 2.5 x 104
Uncovered 3.0 x 109 4.3 x 10} 4.3 x 10!

% 0.2 mm Hg, 300 watts rf
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PHASE 11

PLASMA GAS CHARACTERISTICS
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PHASE 11

1.0 PURPOSE

This phase of the program was concerned with utibizing Lhe data obtained
during Phase 1 to expand the range of hiological testinge Moasurement
for diagnosing the lethal consbituents of @ plasme envivonment were
dovelopod, In addition, plasmas of mixed gases were studiod,

2.0 INTRODUCTION

Lxperiments completed during Phase 1 fndicated that the combination of o
low chamber pressure (0.2 nm Hg), an fonization power input. of 300 watts
v, and the gas helium woere the most efficient tor killing B. subtilis
spores. These paraneters were the opevating conditions for most plasna
tests in Phase [1. Also, theoretical studies of the plasma properties
pointed to two likely kill mechanisms: ultraviolet irradiation or ion
sputtering.

3.0 PROCEDURE

The approach of Phase Il was to obtain additional intormation on the bio-
logical range of effectiveness of helium plasma, develop plasiag environ.

mental diagnostics, and to modify the operating parametrrs to obtain the
optimum conditions tor sterilization.

The design of experiments for Phase 11 was based on data obtained during
Phase 1. The primary gas for plasma production was helium.  Operational
conditions, unless otherwise noted, were 0.2 mm Hg chamber pressure with
20 cc/minute gas ylow and 300 watts rf power.

i1 TASK 1 - DEATH RATFS OF MUCROORGANISMS

The Tethal effect of plasma gas on o variclty of organisms was rnves Ligated,
fost organisms wore selectod to represent a Lypical spacecratt population

upon which the range and eftectiveness of the plasm process would be

testoed {(Fable 1), Spore stocks o dPL-1, O abE- 16 and B. osubtpbie var.

Ho
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-
}
!
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Tahle 1. Test Organisms

m——— vo]

—tet

Organism Selection Rationale
JPL-1 Spore, spacecraft isolate
JPL-2 5pore, spacecraft isolate
JPL-16 Spore, spacecraft isolate

Bacillus subtilis
var. niger, WCR-8

JPL-5

Staphylococcus
epidermidis
ATCC 17917

Aspergillus niger

Spore, comparative control for
sporeformers

Nonsporeformer, spacecraft
isolate

Nonsporeformer, comparative
control for JPL-5

Fungus (spores)

) el

e




niger (WCR-8), suspensions in ethanol, were obtained from the Jet Pro-
pulsion Laboratory. Test planchets were inoculated with these stock
suspensions.. The non-sporeformers, JPL-5 and Staphylococcus epidermidis,
were grown as bacterial lawns on TSA, harvested, washed three times,

and resuspended in sterile deionized water. An aqueous suspension of
these.two organisms was used to inoculate test planchets.

Fungal spores were separated from fungal mycelium by filtering a culture
through sterile gauze. A washed, aqueous suspension of fungal spores
was employed to seed the test planchets.

The plasma environment for testing consisted of helium gas, ionized at
0.2 mm Hg with 300 watts rf. Inoculated test planchets were exposed to
the plasma for 5, 10, 15 and 30 minutes.

The test configuration is pictured in Figure 1. Sample planchets, clip-
ped on a glass ring, were placed at three positions within the chamber.
At each chamber position were six test samples and two sterile controls.
A time exposure consisted of 18 test samples, 6 replicates at each posi-
tion, and 6 sterile controls, 2 locaved at each position.

Appropriate ambient die-off and procedural test controls were conducted
for each test. Analyses of the exposed samples and controls were per-
formed per standardized microbial recovery procedures. These procedures
were adapted from NASA Standard Procedures for the Microbial Examination
of Space Hardware, NHB 5340.1A, and included sample inoculation and
drying in a Class 100 clean bench, microbial removal by sonication,

and enumeration with TSA pour plates.

3.1.1 Plasma Sensitivity of Two Bacillus subtilis
var. niger Spores

The influence of the spore suspending medium upon the subsequent plasma
susceptibility of the microorganism was investigated. B. subtilis var.
niger, WCR-8 spores (JPL) and B. subtilis var. niger spores ATCC 9372
(Boeing) were the test orqganisms compared. The JPL spore, prepared at
JPL, was originally suspended in cthyl alcohol. It was observed in

52
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T
PLASMA GENERATION REGION l

|

SIDE VIEW OF SAMPLE HOLDERS

DOOR IN CHAMBER
—
POSITION POSITION POSITION — . .
1 2 3
SAMPLES 1~8—.- .. .. ..SAMPLES 9-16 SAMPLES 17-24

HEAD ON VIEW OF
- CIRCULAR SAMPLE HOLDER

6 5
SAMPLE NUMBER .

FIGURE 1.  TEST CONFIGURAT1ON
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Task 1 that the JPL B. subtilis spere was killed at a 51gnificantly
<lower rate tham the Boeing B. subtilis spore. Since the suspending
medium in the latter case was water, the type of suspending medium was
suspect. Aliquots of hoth spora types wert suspended in- water and al-
cohol, and teg}_ggmgleg_gggpared. Test parameters were the same as Task
1.

3.1.2 MJ.@M.&MM&‘Pgsi.ti.own...S.tgi lity.

The test rationale of Phase I was to avoid sterility so that statistical
comparisons of surviving numbers would be possible. Therefore, all test
samples were located in a region of moderate plasma density. However,
information subsequently was required to demonstrate the sterilizing
property of plasma.

Test samples inoculated with spores were positioned close to the excita-
tion region where plasma density would be greater (Figure 2). Plasma
exposure was 16 and 30 minutes. Analysis for survivors followed stan-
dardized procedures. Operating parameters of the test equipment were the

gsame as Task 1.

3.2 TASK 2 - PLASMA GAS KILL MECHANISMS

The two most likely microbial kill mechanisms in plasmas are ultraviolet
irradiation from the recombining plasma, and sputtering of the cell wall
by ion bombardment. Experiments were performed to obtain data on these
two possible mechanisms.

3.2.1 Ultraviolet Irradiation

The ultraviolet (uv) properties of plasma with respect to spore lethality
were investigated.

The uv spectra of plasmas was separated with Filters such that wavelengths
below 140, 220, and 360 nanometers were not transmitted. Spores of B.
subtilis var. niger were exposed to the various spectral fractions of
argon, helium and oxygen plasmas by covering the samples with filters.

The test matrix is shown in Table 2. Plasma exposure of the test samples.
all located at Chamber position 2, was for 15 minutes.
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Table 2,  Test Matrix

Beginning Spectral Plasma
Filter Transmission,
Nanometers Argon | Helium Oxygen
b
Glass 340 9 9 9
Corning 9-54 220 9 9 9
Sapphire Window 140 9 9 9
No Filter - 9 9 9

3150 watts.rf, 0.2 mm Hg, 20 cc/min..flow.

b Number of replicates, 6 for biological
analysis, 3 for electron scan.
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3.2.2 Electron Scanning Microscope

Electron scanning photomicrographs of spores exposed to plasma were per-
formed. Spores, expesed to the different uv fractions of argon, helium,
and oxygen plasmas,were examined for physical change. Untreated spore
samples. were used as .comparative controls.

3.3 TASK 3_- PLASMAS OF MIXED GASES

The sterilizing efficiency of mixed gases for plasma production was evalu-
ated. Argon, helium and oxygen, combined in different predetermined
ratios to a total flow rate of 20 cc per minute, were jonized with 300
watts rf at 0.2 mm Hg pressure. The resulting.plasmas were compared

for spore lethality. B. subtilis var. niger spores were exposed to the
plasmas for 15 minutes at Chamber Position 1. Analysis for survivors
proceeded per standardized methods.

3.4 . . TASK 4 - PLASMA GAS DIAGNOSTICS

The 1ikely mechanisms for plasma sterilization--ultraviolet irradiation
and possibly sputtering--depend directly on the properties of the plasma.
The readily controlled parameters, such as rf power and gas flow rates,
will also control the kill rate, but only indirectly, and. the relation-
ship is confused by any irregular behavior of the plasma generator arising
from surface contaminants and .other factors which are difficult to moni-
tor. and analyze.

Of the variables which should directly affect rates for the kill processcs,
the most important are the gas pressure and species and the plasma density.
The ultraviolet radiation flux from recombination is proportional to the
square of the plasma density, and the uv flux from neutral gas excitation
by the plasma electrons is directly proportional to the plasma density.

he uv spectrum.is determined by the species and the gas pressure, with a
transition from a 1ine spectrum to a less energetic continuum occurring

at a pressure on the order of several torr. Electron temperature and gas
pressure both influence the vecombination and excitation rates strongly.
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Sputtering rates should be directly proportional to the plasma density,
and are extremely sensitive to the energy of the bombarding ion: which
is 1n turn propartional to the effective electron temperature., Conse-
quently, systematic sterilization experiments require monitoring of the
those important fundamental variables, specifically plasma density and
electron temperature, which are not susceptible to direct control. The
objective of this task was to develop the relevant plasma properties and
phenomena, a description of various probe experiments conducted in the
test chamber, and a tabulation of results.

3.5 TASK 5 - ELECTRODE MATERIAL.AND PLACEMENT

The objective of this task was to produce a more dense plasma. Two
approaches to accomplish the objective were evaluated. The first approach
was to usé a different material for the electrodes. The electrodes used
for plasma production during Phase I were made of solid copper (Figure

3, Electrode I). Data obtained during a previous Boeing study showed

that more efficient rf energy coupling might be possible with a change in
electrode material plus a‘s]ight overall increase in eléctrode dimensions.
New electrodes (Figure 3, Electrodes II) were constructed from expanded
steel. Plasmas of helium and argon were produced with Electrodes II for
50 and 150 watts rf. Spores were exposeéd and analysis for survivors ccn-
ducted. Langmuir probe measurements of the plasma densities were compared
with spore survival data.

The second approach to increase plasma density was to evaluate the place-
ment of electrodes on the exterior of the chamber. Clectrodes 1la (Fiy-
ure 3) were located at the middle of the chamber above Chamber Position 2.
In this position, less rf energy was required to ionize the gas (10 and 50
rf). Spore survival and Langmuir probe data were obtained for cumparison
at these test conditions.
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FIGURE 3: ELECTRODE MATERIAL AND PLACEMENT
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4.0  RESULTS AND DISCUSSION

4.1 TASK 1 - DEATH RATES OF MICROORGANISMS

Saven different types of microorganisms were oxposed to helium plasma.
Analysis for survivors was performed. Percent survival calculations
were conducted for these data and are shown in Table 3. The figures for
B. subtilis var. nider, ATCC 9372, has been included for comparisot

with Phase I.

It was noted that: (1) micreorganisms are killed by plasma gas, (2)
the percent survival due to plasma gas exposure varies between types of
organisms, (3) percent survival differed between the two strains .’

8. subtilis var. niger spores with respect to plasma susceptibility,
and (4) the three spacecraft sporeforming isolates (JPL 1, JPL-2,
JPL-16) were overall more resistant to plasma than B. subtilis.

4.1.1 Plasma Sensitivity of Two Bacillus_subtilis var, niger Spores

Comparison of the plasma susceptibility of B. subtilis var. niger WCR-8
spores (JPL) and ATCC 9372 spores (Boeing) was made. Also, a comparison
of water versus alcohol as spore suspending media was conducted.

Calculations for percent survival of spores surviving helium plasma
exposure are shown in Table 4. The data show that the B. subtilis spores
prepared by JPL are more resistant to plasma effects than Boeing pre-
pared spores. Also, speres suspended in alcohol prior to test sample
preparation are more resistant to plasma than spores suspended in water.

Communications with C. Hagen, JPL, revealed that JPL utilized a modi-
fied sporulation medium that was purposely designed to produce an

craft isolates, JPL-1, JPL-2 and JPL-16, Evaluation of the biological
variation due to the cultural conditions will be needed in future
investigations.

60




- Rl . i i sl > - —" " — it - - — e e . ﬂ

-

TYLAJES 3S93 ] ISRYU4 Ul 0N | SAIBOLTIe 5 oD U3y I 9sBUg |
3I°C 4372 8i%t ¥0° L £
93°0 1272 L£°0 8t ¢ Z 24007
~ €0 3270 32°0 95°0 1 Lebuny “s3biu snyiiEuadsy
G3°C a3'c ¢ 9229 00°0 £
. ag-a a°c 5070 0070 Z 43M40334055L0K |
Q"3 | s 33°0 00°0 1 “siptuaspide sN2303014LdeIS
Z0°Q 1o 0£"0 5b°2 3 |
Q3°C 3o 5370 82°0 Z
037G Z6°C <0°C 21°0 1 4340434005U0Y, ¢ 5-Tdl
g°T 2a°g SZ°E 0s°1 £ |
§5°Q 3670 5:°2 05°8 Z WT
gea 3470 251 00°1 1 | 3400 “31-7d0
AR Sivhs £€°9 €879 £
€L 032 298¢ 9°¢ 2 .
820 £2°1 ce°1 05°2 1 34005 “Z-74D _ |
gL 3g°sl 58°£€ BE"GE €
7372 26°¢ 00°0¢ LL°0E 2 |
(870 %" 58" €1 29°¥2 1 34005 “I-7dP |
¥3°0 Ll £8°L SE°Y £
gt-a ar o 6570 0L°1 2 74P 24005 “g-gM
- e | 680 32°0 19°0 1 “29biu -aen SL[13GNS SN]LITRS
9370 210 9¢°0 £ :
1 1070 20°0 1°0 2 gburaog au0ds “2/£6 231y |
W0 1070 q €0°0 1 “43biu -J4ea si113gnS Sn|i0®RE |
e | 14 ot S
“ T WSINYSWO 1531
SILANIA “THASOHXI WWSYId WNIT3H

BUSBlg tNLiSH ul dansodxI 4334y SiSiueba00UADL)] 1O [RALAUNG JUDIUB4 ueldy ¢ 31GeL




S9380L{03U § 40 ubay ‘P

M w ;
R gac 30°0 €0°0 PR
. buisog ‘g/g6 J01Y
020 2077 | 10°0 10°0 Loyod 1y 43BLU “Jen SITTIGNS SNL|ISWE
00°0 : 16°0 90°0 92°0 433eM
m 14l ‘g-dcM
700 | €60 970 o6E°E Loyod |y “J3B1U “JeA S[[13GRS sn|;loec
09 o | ST g
: WNIQ3W
SILANIN “THASOAYI VWSYTd WNITIH INION3ASNS WSINYSHE0
34043

BUSRl4 WNL{3H 03 SAJ0IS JO {PALAUNG JUIDUDJ uBIY ¥ I(qel

¢




.t

e

v

'
. \.-.4&-'4

H

4.1.2 Influence of Chambqgwgpsitiaﬂ_pg>§§ggiligx

Organisms were expased to helium plasma near the fonization reqgion,
Analysis for sterility of. the samples was conducted and the results are
shown in Table 6, Samples A thraugh £ were sterilized during the
thirty minute plasma axposure, Temperatures 1n the vegion of Eef-G
samples remained under 50°C during plasma production,

4.2 TASK 2 - PLASMA_GAS KILL MECHANISMS
4.2.1 Ultraviolet Irradiation

Experimentation on the ultraviolot properties of argon, helium, and
oxygen plasmas, with respect to spore survival was..performied. Percent
survival calculations are given in Table 6.

The spores that experienced the total plasma environment, 1.e., no
filter, also exhibited the least percent survival. The results indi-

cates that the 21.2 eV resonance line photon was very effective at
Killing spores,

4.2.2 Electron_Scanning Microscope

Helium, argon, and oxygen plasma treated spores of B. subtilis were
examined with an electron scanning microscope. Phetomicrographs were
obtained and are reproduced in Figures 4 through 9. Visual comparison
of the nontreated versus plasma treated spores suggest physical damage.
However, the spores protected from the various spectral fractions of
the plasmas with filters do not appear to show such damage. Although
physical change in- these spores is not apparent, the data presented in
Table 6 showed that'spore death at these conditions did occur.

4.3 TASK 3 - PLASMAS OF MIXED GASES

Table 7 presents spore survival percentages obtained from exposing
spores to plasmas of mixed gases. Using Position 3 as a reference
point (furthest from plasma generation area), the argon and helium com-
bination resulted in less spore survival than the plasmas of argon com-
bined with oxygen or oxygen combined with helium,
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Table %, Tatal Number ot Baclllus subtilis var,
niger Speres Surviving Helium Plasma

Exposuro Ab

CHAMBER PLASMA EXPOSURI , MINUTI §
. POSITION
. 15 o
" """”
: A 0¢ ¢
B ¢ 0
¢ 0 0
D 0 0
t 0 0 |
F 0 0
G 21 15 i
a. 1.1 x 105 at 0 time.
b, 300 watts, 0.2 mm Hy pressure, 20 cc/min, gas flow.
¢. Total of 3 replicates.
{
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Table 7.

Mean Percent Survival Baeillus subtilis var.
niger Speres Exposed to Mixed Gas Plasmas a

GAS - CC/MINUTE

CHAMBER POSITION

1 2 3
Helium - 20 0.00 0.01 0.06
Argon - 20 0.08 0.01 65.31
Oxygen - 20 0.00 9.70 64.50
Argon - 18 + Oxygen 2 0.00 0.80 70.59
Argon - 10 + Oxygen 10 0.00 4.63- 84.21
Argon - 18 + Helium 2 0.01 0.03 10.59
Argon - 10 + Helium 10 0.00 0.01 0.05
Oxygen - 18 + Helium 2 0.00 0.64 81.82
Oxygen - 10 + Helium 10 0.00 1.35 76.47
Oxygen - 10 + Argon 10 0.00 5.18 94,12

a. 300 watts, 0.2 mm Hg pressure, 15 minutes.
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4.4 TASK 4 - PLASMA GAS DIAGNOSTICS

This section introduces the fundamental aspects of plasma bhehavior which
pertain to plasma sterilization and diagnostics. The plasma used in the ex-
periments is, nominally, a "flowing rf generated afterglow plasma." Gas i§
admitted at one end of the system and pumped out the other end by a vacuum
pump. Pressure is controlled by the flow rate. A pair of electrodes, near
the gas inlet, is used.to apply a strong rf electric field which causes r{
breakdown in the gas, creating a plasma by jonizing about one part in a
million of the flowing gas. The plasma is carried through the system by the
qas flow, decaying by recombination as it goes.

This Boeing developed rf plasma system, however, has a special feature in
that rf current is allowed to leak out of the electrode region, and tends

to follow.the flowing plasma. This guided rf current will heat the electrons
in the "flowing afterglow" plasma, and if it maintains an electron tempera-
ture of more than one or two electron volts, will cause further ionization,
thus maintaining a denser plasma farther from the source.

RF heating is the dominant electron heating mechanism, and the electrons are
cooled primarily by inelastic collisions with the cold neutral gas. These
processes occur much more rapidly than the gradual changes as the plasma
flows through the system. Consequently, the electron gas is in local equi-
librium, with its temperature determined by the balance between heating and
coolina. The heating rate is:

2p2
P = neE Yo (1)
n m WV

where: M is the plasma density (number of electrons per cubic meter),
€ is the rharge on the electron in coulombs; EE is the magnitude of
the rf electric ficld associated with the rf current, in volts per meters
M is the mass of the electron, in kilograms; A/ is the frequency with
which a typical electron collides with neutral gas molecules, in seconds™1;

and (;) is the anqular frequency of the rf field, (;) = 2fF  x 13.7 Mhz

= H.6 X 107 99c"1, which is constant in these experiments.
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The cooling rate is:

Bmtmme Te (ﬁ) + 61“ (;f)e"al/ Te N

whera: Te is the electron temperature, in electron volts; M s the

mass of the neutral atom, in kilograms; (Ei is the mean onergy lost in

inelastic collisfons with neutral gas molecules, in electron volts; Yo

is the cross-section for momentum exchanging collisians between clectrons
and neutrals; and o is the mean cross-section for inelastic collisions,
In the conditions found in the sterilization plasma, the first term, rep-
resenting cooling by elastic collisions, is small compared to the cooling
by inelastic collisions. This latter term represents a significant frac-
tion of the power supplied to the system. The electron-neutral collision
frequency is conveniently expressed as:

(3)
) 7 L
v = 6x 10 E:; E;T};IL s

1

where-p is the gas pressure, in torr, and Pc is the collision probability”.

Balancirig the power flowing into the electron gas with the cooling rate,
assuming that 4/ > (W), expressing the rf electric field in kilovolts
per meter, and using eq. (3) for ¥ , gives a transcendental equation
for the electron temperature.

Te:' El/ln (A"B) . (4)

e A=3.6x10°mE P} p* T, /6E* ,

and

B = o /do .
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The constants are:

m = 9 x T ka
o~ 1,6 x 10719 cou,

and P, 10 (He)

Most measurements have been done at p = 0.2 wm, and Ei__is obsoerved 1o

bo on the order-of 3 kilovolts/meter, [or helium the metastable level iy
at E; = 19,80 oV, the resonance linc.is at 21.70 oV, and the ionization
potential is 24,58 eV, so that

= , (6)
EI. 20eV

The cross-sections in He are

-6 2
o:x::' 10 ¢tm

and -6
o= 2.8)@!0' cmz .

Using these numbers and solving eq. (4) either graphically or by iteration
determines Te’

Te ™ 31 eV (7)

Electron temperatures on the order of tens of electron volts are sufficient
to increcse the ionization, so that plasma decay will be deferred. Antici-
pating Tater results, the plasma density is on the order of 1015 -3,

i.e.
.
10! w4, (%)
With the density, temperature, and pressure known, most of the important

characteristic parameters of the plasma can be estimatod,  From o, (3),
the collision frequency in helium is

8 -' t
VX 2xI0 sec ()

A e




verifying the assumption in eq. (4) that, Voarr .

The other important characteristic frequency is the plasma froquency

% 9 coc
(e 2mxioxn™ = 2xI0” sec” (10)

s0 that the characteristic froquencies form a sequence,

W.>>V>? () . (11)

For the conditions expressed in eoq. (11), the skin-dopth for vf current
in the plasma 1s

& £ = |15¢m , (12)
Wp

where ¢ is the speed of 1ight in vacuum,

Then the skin depth is conmparable to the diameter of the plasma so that
the rf heating current will be distributed throughout the plasma.

Anether important length is the Debye length

Ay 7x10° (Te_/n)./’- . (13)

which is the characteristic length for electrostatic space-charge effects

in the plasma. For Te =30eV, N= 1015 m‘3, we have 7s - 0.12 em, which
is about .050". The Debye length is important for plasma penetration;
normally plasma widl not penetrate holes much smaller than one KD . In orde
to penetrate holes smaller than about 2?0 thousandths of an inch, it may be
necessary to ground out the rf heating current with a grounded riny electrode
around the plasma. The dowhstream plasma should then become a true afterqgiow
with a typical temperature of about 0.1 eV, and a Debye length of as little

as .002 inch.
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Onn other important lenath is the olpctron mean-Trec-path between momentum
randamizing collisions with the pedtral gas molecules,

’“c‘””l“. = 1 = o0%cm ,
QH,CTa' FZ;F’

where n, s the density of the peutral qas in atoms per cuble meter,

(14)

The plasma density and electron tonperature are deteormined by Lanagmigy

probe techniquns.2 This method Involves soveral ditticultios hocanse ol

the unusual.characteristics of this plasma, Hut altornative Lechniques: -
microwave cavities: low current, high voltage olactron beam probesi laser
interferometry; resonance probes; thermionic emission probes; double probes
and spectroscopy--would encounter similar or greater problems,

A Langmuir probe is a small metallic collector inserted into the plasma

and connected to an adjustable d.c. power supply. The current from the

plasma to the. probe is measured as a function of the voltage applied to the
probe. For stable, d.c. plasmas with low background gas pressure (1ong
mean-free-path), the theory and practice of Langmuir probes has been worked
out in great detai1.2’3’4’5 There are even apparatus which will automatically
record probe data-and reduce it to a plot of the kinetic cnerqy distribution
of the electrons.

The rf field and high electron temperature in this plasma prevent such a
detailed interpretation. But the main features of probe analysis are still
present and can be used to determine the electron temperature. The d.c.
electric tield applied to the plasma by the probe is on the order of

E,= T, /7= 240V/em ()

for the cxample of the plasma characteristics given above. Since this is

" bout seven times areater than the typical vf field, the rf field is o

yelatively small perturbation on the electron orbits near the probe,
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The characteristic time during which electrons are atfected by the probe

{5 the plasma peried, 21’(/(...) ., [q. (11) shows that this time 15 short
compared to the period by the rf field, which 1s 21‘1/(,),

does not affoct an electron orhit during the
luancad by the probe.  The posulting prabe
he same plasma without any

consaquontly, the rf field
time the electron is .hoing inf
curves are the same a8 would be obtained 1n
rf field, oxcept for heing smeothed aver o range.

av = END ~ lvolt . (16)

signifleant changes in the probe curve it

The characteristic voltage for
that the "rf smoothing" has

the olectron temperature, T0==.30 volts, SO
relatively 1ittle of{foct on the probe curve.

alls and other objects drawing zero net current from the plasma

Insulating w
e charged to a negative potential, called the floating potential. ,
{

ar

(17)
Vo -5 (my /m)
e
is the electron temperature, K is Boltzmann's constants, m, is the

e charge and mass of the electron. (The term
nergy, and does

where T,
ion mass, and e and m. are th
" {5 used merely to denote the average electron e

"temperature
although eq. (17) is most

not necessarily imply a Boltzmann distribution,
accurate for a Boltzmann distribution.)

(17) is not measured with respect to

The floating potential given by eq.
espect to the potential of the nearby ﬁ!

ground potential but instead with v
asma, called "space potential® or "plasma_potential.”
tial is close to ground potential, and float
is given by eq. (17).

pl In most plasmas,
space poten ing potential, when
measured with respect to around,
potential is high, and {loating potential,

space potential, is positive i

{n this plasma, however, space
although properly neqative with respect to
with respect to qround.




spaca potential is usually very closa ta the potential of the most positive
alactrado axpesed to tho plasma. The high positive space potential results
fram the Tack of a good reference clectrode, and is easily moditied by any
apparatus which tonds to supply such a reference, Cansequently, plasma
oxperiments must he conducted and interproted carefully.

Fqure 10 shows one of our first Langmuiy probe curves, recorded in nitro-
gen plasma using a planchet as the probe.  This has the usual feature of
plasma probe curves, and we use it to illustrate both the standard intor-
pretation and some of the dangers. At the Towest voltages there i5 a nearly
constant positive current, called the ion saturation current, labeled (1)

on the plot.

At (2) on the probe curve the positive current starts to decrease as a few
of the most energetic clectrons get through to the probe surface. The zero
current pednt (3), is floating potential, here at 70 v above ground. The
discontinuity in the curve just above floating potential is due to a change
of instrument scale.

At (4) on the curve, the electron current is rising rapidly as the probe
approaches space potential and more electrons can overcome the repulsive
potential barrier. At space potential (5), all electrons can reach the
probe, and the curve flattens somewhat, the continuing increase heing due to
the slow growth of the region from which the probe attracts electrons. At
(7) the probe voltage is so high that the probe is causing breakdown, and
the current increases rapidly again,

Knowing space potential and floatina potential, we can obtain T, from

eq. (17). The current at space potential then qives the electron Jdensity
as e &b X 109 on=3,

But these results from Fiqure 10 can only be correct if there iv a high
donsity of negative ions (- 2.4 «x 1010 em=3 ) in the nitrogen plasma. The
ratio of ion saturation currcent to electron saturation current should just
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be (m,/m+)5, Ref.(3). The ion current in Figure 10. is much 1lirger than
would be expected from the electron saturation current. Either there is
actually a large difference between the electron dens.ity and the ion
density, with space charge balanced by negative ions (which is possible
in nitrogen), or else the data ¥n Figure 10 is distorted.

One common form of distortion is using too large a probe, which draws so
much current that the plasma is depleted. Figure 11 shows another early
probe curve, in helium, which is a clear example of this artificial satu-
ration. Again, the ratio. of ion saturation current to electron saturation
current is surprisingly large. As in several other probe curves using.
planchets for probes, the electron saturation is extremely flat, even de-
creasing somewhat. What is really happening was learned by monitoring

the floating potential on another, nearby, probe while recording this data.
Variations in floating potential simply follow equal variations in the space
potential. Correcting the voltages in Figure 11 for these space potential
variations shows that, at the higher probe voltages, the plasma potential

is following the probe potential, and the voltage difference between the
plasma and. the probe changes very little when the probe voltage changes.
This implies that the probe must be the best reference electrode available
to the plasma-. Conseguently,.probe curves like Figure 10 may be misleading,
and those like Fiqure 11 are definitely wrong.

To obtain useful information from Figure 11 we use the fact, mentioned
above, that electron and ion saturation currents to a probe differ by the
square root of the mass ratio. This is based on a subtle phenomenon ob-
served by D. Bohm, and known as the "Bohm criterion."S The result of the
Bohm criterion is that ion current to a probe is given by the plasma density
times the icn thermal speed calculated at the electron temperaturc (not the
ion temperature, which is probably only on the order of 103 Ok). Thus the
electron current at the knee should be

1

b= (my/m ) 1, (18)

t
In helium, with (my/r: )¢ = 6, the knee of Fiqure 11 should be at I tLu g,
which i< oft the araph,
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The lower, linearly rising, part of the probe curve in Figure 11 is not
distorted and can be used to-extrapolate to the correct space potential.

Let I ' be the slope of that part of the curve, and let Vo, be the intercept
of the continued straight 1ine with the zero current axis (see Figure 11),
The electron saturation current is

L= I« (Vg - V), (19)

Using.eq's (18) and (19) the true knee is at a space potential of

m+ ‘é i
Vg =V, +(m—) L/1, . (20)

From probe theory (Ref. 3), floating potential differs from space potential ‘?
A
by o

Vg - Ve == 1n (m./m_) kT_ , (21)

which determines the electron temperature,
kT_ = (VS - Ve)/% In (my/m_). (22)

With the electron temperature and either the electron or the ion saturation
current we can determine the plasma density

n=6x 1018 I_/Ap v_ em™3 (23)

where Ap is the probe area and

v. =6 x 10/ (I\'T_)!J cm/sec, (24)

where kT_ is in electron volts.

Carryina through this procedure tor Cigqure 11, we tind

I, ~ 07 eV,

noco2os 107 e . (')

it |




These results are obtained from parts of the probe curve which <how no
sign of distortion, and so far as we know, the data is reliable. The
extrapolation to floating potential along a straight 1line, howaver, is
not very accurate, since the correct probe curve would not be $traight.
The error is almost certainly less than 50%. However, due to the diffi-
culty of selecting the correct portion of the probe curve from which to
extrapolate, the choice should be made on the basis of experience with
undisturbed probe curves.

The above discussion shows the problems invoived using large probes in

this plasma. Small probes would draw less current, and might not drive
the plasma potential, thus-avoiding the artificial saturation. A series
of development tests and diagnostic runs have been made with small probes.
The probe curves are collected in Figures 12 through 17.

The small probe revealed a new problem. Since a small probe is driven

to higher voltages than a large probe without depleting the plasma, it
can, and does, increase the plasma ionization. Consequently, small probe
curves have no distinguishable knee, but instead show a continuous cur-
rent increase right up to breakdown.

The small probe curves are reduced by the extrapolation technique given
in eq.'s (19) through (24). With this technique there are no great
differences between using small probes and large probes, except that
the extrapolation is easier with large, flat probes such as planchets.
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4,6 TASK 5 ~ ELECTRODE MATERIAL AND PLAGEMENT

Percent survival calculations for B. subtilis spores exposed Lo helium
and argon plasmas generated by electrodes made from expanded 4Lead
(Flectrode I1) are presented in Table 8, Also included in the table is
data, for comparison, of the previous et of eclectrodes used throughout
Phase 1,

The most apparent improvement in plasma lethality, i.e., spove dealh, i
seen with 50 watts for both helium and argon. The new electrodes age
counted for a two log reduction in spore survival,

In addition to spore survival analyses, Langmuir probe measurements were
made during each of the tests (see Figures 12, 14, 15 and 17). Calcu-
lations, obtained from these plots for electron temperature and plasma
density, are compared in Table 9. In addition, spore survival percen-
tages are included.

In the case .of helium plasma, the increase in spore lethality may be ex-
plained by an increase in electron temperature of 44 eV to 56 eV.

However, the same ease of interpretation is not noted for the argon data.

Calculations show apparent physical similarities in the two plasmas
produced by the two different electrodes, but dissimilarities in spore
survival. Also, visual observation of the appearance of the two plasmas
detected a readily noted difference. The color of the plasma produced
with the newer electrodes was more intense and extended much further
down into the chamber. The nature of this apparent difference for argon
plasma is not yet understood.

Table 10 shows the percent spore survival calculations for the organiams
exposed to helium plasma produced by electrodes located around the
middie of the chamber. Low percentages of spore survival were noted

at even the lowest rf power of 10 watts. It is difficult to compare
these lethalities with data obtained during Phase T from plasmas pro-
duced with the electrodes at the original placement. The newer location
or configuration may provide a means of sterilizing at lower rf power
than so far cnvisioned.
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6,0  SUMMARY

The following conclusions of Phase II have heen reached:

(1)

t2)

(3)

(4)

Microorganisms are killed by plasma gas. Death
rates vary between microbial types.

Energetic ultraviolet radiation (the 21.2 eV resonance
line particularly) appears to be primary kill mechanism
and causes disruption of the physical integrity of the
cell.

Helium gas, or a combination of helium and argon,
yield plasmas which are the most efficient for
sterilization,

Plasma density .and electron-temperature measurements
were developed that provide plasma diagnostics for
comparison with microbial ki1l data. Increases in
electron temperatures will increase the amount of
microbial death.

Plasima density was increased by using electrodes made of different
material and of slightly larger dimensions.
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7.0 APPENDIX

The data for Phase II are presented
in Tables 11 through 13.
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PHASE 11T
PLASMA GAS PENETRATION

1.0 PURPOSE

The objective of this task was to determine the effectiveness of plasma
gas in.contacting and sterilizing surfaces of different geometrie con-
figurations,

2.0 INTRODUCTION

In the previous phases of this study, it had been demorstrated that plasma
gas sterilized exposed flat surfaces. Also, an eéarlier contract conduct-
ed for the National Heart and Lung Institute showed that argon plasma was
capable of sterilizing plastic hollow fiber, medical devices. During this
latter investigation no effort had been made to determine the degree of
plasma penetration nor microbial reduction; i.e., analysis was to deter-
mine if the device was sterile or unsterile.

3.0 PROCEDURE

Two geometric configurations were selected to evaluate the penetrating
property of helium plasma. Tubing of varied lengths and internal diameters
and protected or "mated" surfaces were chosen. Samples of metal and

glass were selected because of differences in.-conductive electrical pro-
perties.

3.1 CAPILLARY TUBING

Capiliary tubing of three different internal diameters were tested.
Originally, the test plan was to use tubing of 1.0, 0.5 and 0.1 um inside
diameter (1.D.). However, test results of the 0.1 cm tubing revealed
that more meaningful data would be obtained if we sclected even smaller
tubing for the remainder of the investigation. Tube size availability
and spore recovery limited the investigation to tubing of 0.1, 0.07 and
0.05 cm I.D. The test matrix is shown in Table 1.
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Lengths of glass and stainless steel tubes 4 cm long, cleaned and stori-
1izod, were incculated with an aqueous suspension of. 8, subtilis var,
nigor spares. This was accomplished by capiliary action. The oxcess
volume was removed by touching the ftube tip to aterile filter papar.
Saaded tubes were allowad to clean hench dry before tosting,

Tubing Tongths of 4, 8 and 12 em long wore assembled from 4 cm segment:..
They wore attached end to ond and formad a continuous Tength of tubing
of uniform diameter. Following plasma exposure, cach 4 om seguent. was
assayed separately to determine the extent of penetration and steriliza-
tion. Bioassay for surviving spores was conducted with techniques pro-
viously outlined. Procedural controls to determine the effectiveness of
insonation for removal of all internal spores from vacuum treated tubes
were conducted and the results showed that the procedure was successful.

Plasma exposures were for 15 and 60 minutes. Helium plasma was generated
with 150 watts rf at 0.2 mn Hg and 20 cc per minute gas flow. Test tubing,
clipped to a circular ring, was placed at Chamber Position 1 so that the
tubes were oriented lengthwise in the chamber.

3.2 MATED SURFACES

Mated surfaces were investigated by using stacked discs of mated pairs.
Figure 1 shows the arrangement of a mated surface test stack. A stack
consisted of two sterile discs sandwiched between two inoculated discs.
Test discs were inoculated on one surface with B, subtilis spores and
dried overnight in the airflow of a Class 100 clean bench. On each
inoculated surface, a conpletely sterilized disc was placed. After
plasma exposure, the discs were analyzed separately. However, the
data obtained were evaluated for each pair of discs. Some of the disc
pairs were analyzed to determine Lhe total number of spores that sur-
vived plasma exposure and some were overlayed with a nutrient medium for
subsequent visual inspection tor indication of plasma gas penetration.
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FIGURE 1

SCHEMATIC OF MATED SURFACE TEST STACK
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4.0 RESULTS AND DISCUSSTON

Analysis for the nunbop of spores that surylved plasimy expesure Wit con-
ducted,

4.1 GAPJLLARY TURING

Parcentage calculations for spore survival was povformed for all wta.
The values for glass capillaries aro shown in Tabje . T was notod Lhael
no spores survived after 60 minutes plasma exposuro for tubing 0.1 e
1.0, and 12 cm Yong,  Tubing of 0.06 cm 1.0, SLETL had some viable aporves
after 60 minutes of plasma traatment, although the percent survival way
very low.

Plasma treated stainless steel tubing did not show as low percent survival
figures as the ylass tubing (Table 3). However, spore reduction was
noted. The middle 4 cm segment of the 12 cm long tubes showed more pe
cent survival than either 4 cm end. Helium plasma, at the overat .
conditions of these experiments, was able to penetrate in be... girections
into a tube.

The higher spore reductions dbserved for glass tubing may be due to two
factors. Irradiation, due to intense uv that is capable of penctrating
through the glass walls, may be one explanation. The other possibility
is that the dielectric properties of stainless steel may neutralize or
"shield" organisms from plasma.

Although sterilization did not occur in the stainless steel tubes, spore
reduction did. A series of tests were performed that kept all test con-
ditions the same except the rf power was increased to 300 watts. lnocu-
lated stainless steel tubing, exposed to helium plasma at the higher »f
power value was analyzed for survivors, Percentaye survival figures are
given in Table 4. Sterility of all seguents of 12 cm tony tube was
noted after 60 minutes plasma treatnent.
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Table 5: Parcent Survival of Bacillus subtilis var,

niger Spores on Mated Surfaces that Were
Exposed to Helium Plasma @

Percent Spores
Test Surviving per Mated Surface
Number Mated Pair
Mean .
A+B C+0D
1 70.18 64.46 75.90
2 49,55 40.91 58,18
3 73.49 73.77 73.21
4 73.89 61.11 86.66
5 52.01 34,03 69.99
Mean 64.25 55.57 72.93

4 60 minutes, 300 watts rf, 0.2.mm Hg, 20 cc/min, gas flow

110

LR

PRSI

e

PR




4.0 MATED SURFAGES

The ability of plasma to penetrate and sterilize contaminated, mated sur-
faces was investigated, Data obtained for the number of microovganisms
surviving a plasm treatméent of such surfacos show a slight reduction

from those numbers oriqginally present. Table b shows the percent survival
of the mated surface pdairs following a 60 winute helium plasma exposure.
These data are from mated aluminum discs., Studies performed with mated
glass surfaces showed that few, or no organisms survived. However, as
noted previously it is felt that penetration along the surface did not
occur, but that most of the ki1l was caused by ultraviolet irradiation of
intense amounts penetrating through the thin glass.

5.0 SUMMARY

The results of this phase of the investigation lead to the following
conclusions:

1) Helium plasma (300 watts rf) sterilized metal capillary
tubes 0.07 by 12.0 cm..andd .contaminated with 104 spores
within 60 minutes,

2)  Plasma is a surface sterilizer. If objects are exposed
to plasma for sufficient time, sterilization of ail

surfaces will occur.

3)  Helium plasma was not able to penetrate mated metal
surfaces to any great extent.

(N




6,0  APENDIX

M

Fhe data for Phase 111 are prosented in Tables 6 through 12,
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Table 12:  Bacillus, subtilds var, nj?mrASporns
. Recavered from Mated Metal Surfaces

that Were Fxposed to Holium Plasma  ©

Heldum T Nuwber of Surviving g?ngggluguﬁkﬁr | i
Plasma Sporas per Matod Surfaco Matod Surfaco
Tast a+b (No Plasma) ?
L mt—— |
. 1 4280 5040 6640 41
2 2700 3840 6600 ‘
3 6334 6286 8586
4 4306 6106 7046 i
5 2486 5114 7306 |
Mean 4021 5277 7236

300 watts rf, 60 minutes, 0.2 mm Hg, 20 cc per minute gas flow
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PHASE IV

EFFECT OF PLASMA GAS ON SELECTED SPACECRAFT MATERIALS

1.0 PURPOSE

The objoctive of this task was to determine the effect of plasma gas on
candidate spacecraft materials.

2.0 INTRODUGTION

Previous preliminary Boeing data showed that plasma gas did not visibly
affect a test group of different materials. The materials included
aluminum, stainless steel, glass, plexiglass, Mi11ipore membrances (cel-
lulose acetate), rubber, polypropylene and paper. However, specific
spacecraft coatings and £i1ms had not been examined. Also, analysis of
material damage in the initial study was 1imited to gross, observable
alterations.

Spacecraft materials, chosen after consultation with JPL, were subjected
to a plasma environment to determine material compatibility with the
process. Specific analysis per American Society Testing Materials Stan-
dards, where applicable, were condycted.

3.0  PROCEDURE

The test approach of Phase IV was to expose materials to a plasma environ-
ment for an extended time. Fullowing plasma treatment, laboratory analy-
ses of the expused materials were conducted to evaluate material compati-
bility with the process. Compatibility was determined by comparing sam-
ple materials exposed to plasma to similar specimens that had not been
exposed to plasma. Analyses were conducted by the Microbiology Labora-
tory and the Materials Technology Laboratories.

3.1 CANDIDATE MATERIALS

A description of the nine different spacecraft materials used in this
test phase is given in Table 1. Specimens of teflon, mylar, kapton and
graphite epoxy were prepared from uniform sheets of materials. Test
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squaras were cut with a scapel and handled with Tint-free dacron gloves,
The remaining material types were prepared by the manufacturers in the
dimensions required for testing (? inch square, 3 inch. disc).

3.2 ANALYSES,

The matrix of the analyses performed on materials before and after plasma
exposure is given in Table 2.

3.2.1 Reflectance

o bt s - ot S

Both total and diffuse reflectanece were measured with the Beckman DK-2A
Spectroreflectometer in the reflectance mode using an integrating sphere.
Specimen orientation was to face the film side towards the 1ight beam
source. Reflectance was calculated from the spectra using a 28 point
integration at equal solar energy increments. The results were presented
as an integrated value of the reflectance.aver, the wavelength measured.

3.2.2 Transmission

The Beckman DK-2A Spectrophotometer in the transmission mode was used to
measure the optical transmission. The measurement was made and recorded
from 0.25 to 2.5 microns. Any changes effected by plasma exposure was
noted and tabulated as to wavelength and intensity.

3.2.3 Mechanical Testing

An Instron tensile test machine, with a cell movement of 0.22 in./min.,
was used to determine the elongation and ultimate strength of the films
(tension). Three point bend was measured, per ASTM 790, on the Instron
test machine equipped with a 50 1b load cell.

3.2.4 Llectrical Resistivity

Surface resistivity tests were performed on test specimens using the
Heathley Model 6105 Resistivity Adaptor. A minimum of three measurements
were made on each specimen before and after exposure to radiation. The
test method used is described in ASTM D-257 except that no contact
material such as foil or silver paint was applied to the specimens. The
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mothod deviation resulted in some measurement uncevtainty, but was used
to avoid damage to the deposited surtaces of the samples,  The Lest
voltage of 20V d-¢ was applied through o 20 Kohm Timiting resistor,  lhe
rosistivjty in ohms (avg., of 3 readings) - b3iﬂv .

s 2h Visual bxamination

Visual examination of test materials was portormed with a Bausch and
Lomb microscope (14-60X magnification range). Any visual altevation in
a surface was noted, and if judged signiticant, further examination of
the alteration was performed with a scanning electron microscope,

3.2.6 Scanning Electron Microscope

The Ultrascan, a scanning electron microscope (SEM) was used for the
examination of those test samples that had detectable visible altefation
after plasma exposure. Photomicrographs were made of each sample selec-
ted for SEM examination.

3.2 Sterility

Specimens of each test material were inoculated with approximately 106
Bacillus subtilis var. niger spores. Spores were suspended in water and
deposited on the surface of a sample in a. 0.1 ml drop. No attempt to
spread the liquid was made. Evaporation of the liquid was in the airflow

of a Class 100 clean bench. After drying, the area of inoculation was

noted to be a spot no larger than 1 cm in diameter. Inoculated test
materials were included in each plasma exposure test. The samples wore
analyzed, after plasma exposure, for sterility by implantation in melted
Trypticase Soy Agar. The absence. of wmicrobial growth on the specimen
material, after 14 days incubation at 30°C. indicated sterility.

3.3 PLASMA LNVIRONMENT

A plasma test environment, produced at 150 watts rE, was gqenerated toy
helium gas and oxygen gas.  arlier study results indicated possible
variations in mechanisms ot kill for the two gases.  Chamber pressure
was maintained during oxygen or helium plasma production at G0 wm Hy
for 20 co per minute test gas tlow.
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exposure of the test materials to plasma totaled 6 hours., If plasma and
material incompatibilities did exist, they should occur and be detected
at these prolonged test exposures.

3.4 TEST_SEQUENCE

Figure 1 diagrams the stepwise flow of the nine test materials from
sample preparation through analysis. Three separate plasma tests were
replicated for each material type. Different materials were never ex-
posed together. Also, separate specimens of each test material were pre-
pared for each required analysis. This procedure was established to
prevent excessive handling of specimens. An exception was in samples
analyzed for electrical resistivity. Testing on unexposed Specimens was
performed to obtain control data. The same specimens wére then exposed
to plasma and analyzed for changes in resistivity.

4.0 RESULTS AND DISCUSSION

Specimens of materials, exposed to helium and oxygen plasmas, were analyzed
to detect any alterations in material properties with respect to values

for reflectance, transmission, mechanical tension and three point bend,
electrical resistivity, and visual appearance.

4.1 REFLECTANCE

Reflectance values (R) were calculated from spectra of test samples
obtained in the total reflectance mode with a spectroreflectometer
(Table 3). The test material, polyurethane flatblack, was the only
material in which its R value changed after exposure to either helium
or oxygen plasma. The other seven materials did not show any major
changes in R after plasma exposure when compared to controls that had
not been exposed to plasma.

4.2 OPTICAL TRANSMISSION

Transmission measurements (T) of plasma treated sample materials were
made. The transmission spectral values were calculated. The T values
are presented in Table 4. The two sample coatings, IR8IL and Mark 8,

did not show any change in transmission after plasma exposure.
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Table 3:

Refloctance of Materials Lxposed
to Heldium and Oxygon Plasmas @

SaNat PAGE 1S POOR

I
A RATA R

‘m "
: Sample Toen b Reflectance

Material Numbor Trantment. (R)a

Al WLV No plasma 0.81

BA " 0.3

¢/ (0, 84

TefTon IEP Film Al0 Holium plasma 0.79
B13 ! . n.83

C]() ] ]] 0'80

?19 Oxygen p]aﬁma 0.68

322 ' 0.79

D25 " " 0.82

Al No plasma 0.77

B4 ! 0.77

c7 " 0.77

Al0 Helium plasma 0.69

Mylar Film B13 " " 0.76
C16 " " 0.76

A19 Oxygen plasma 0.75

B22 " " 0.75

C25 " " 0.74

| .

Al No plasma 0.55

Al10 Helium plasma 0.55

Kapton Film Al9 Oxygen plasma 0.53
B22 " " 0.53

€25 " " 0.52

Al No plasma 0.21

Al0 Helium plasma 0.22

B13 " " 0.23

1R8I1F Clé " ! 0.22
A19 Oxygen plasma 0.21

B22 " " 0.23

25 " " 0.23

Al No plasma 0.10

A10 Helium plasma 0.10

B13 " " 0.10

Mark 8 cle " " 0.10
Al9 Oxygen plasma 0.09

Be? " " 0.10

25 " ! 0.10

o rPRODICIBILITY OF THE




| Table 3: Ref]octance of Mdtnrinln EXpas o
to Helium and Oxygop Plasmas
(Continuod) :
. Saimp | o T i . uvaIurfnnfﬁ '
; Matoriag Numboy. Freatmont (k) o
Al No lasme 0,04
H ) o,
(!;‘7 I :).'u.n ;

Polyurnthano Al He d D lasma 000
F]ath?ack Bl " " a0
Clo " " 0.0n

Aly Oxyqon asma 0.1 !

Reo " " 0. 19 :
G2h " " 0.14
Al No plasma 0.4
Al10 Helium Plasmg 0,29
Anodi zeq Aluminum AlY Oxygen plasma 0.6
B2 ! " 0.8
25 " " 0.8
Al No plasma 0.90
Alo Helium pPlasma 0.49
it " 3
Vacuum Ueposited g}g " " 8“38
Tumi num Al9 Oxygen Plasma 0.89
Be2 " " 0.90

C25 | " " 0.90 } i

a
R values obtaineg with Beckman 0K-24 Spectroreflectometer. Values
Calculated from Spectrg obtained in the tota) reflectance mode £y ‘
€ spectra] range 0.25-2.5 microns, The calculatfons wWere made 'ﬂ

Using a 29 point integration. A Nationa) Bureay of Standards reflec-
Lance tife Was measypred ﬂmnedinte]y Prior t Shecimen Measuromon ¢

t serveq as q standard Materig) of known R to which all Spectrg
were Corrected, The Accuracy ang Precision oy the R dotvrminulion\
are o0, 00 and i 0,01 respuctive]y.
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Tahle 4: Transmission Moasurement of Materials
Exposad to Helium and Oxygen Plasmas

Matarial ﬁamﬁl; Troatmont TvandTég.iun
.Y No plasma 0.67
s " 0.61
c8 " 0.61
All Helium plasma 0.62
1RY11: 314 " " 0.62
cl7 " " 0.62
A20 Oxygen plasma 0.60
B23 " " 0.60
C16 " " 0.60
A2 No plasma 0.90
All Helium plasma 0.89
Mark 8 B14 " ! 0.89
C17 " " 0.89
A20 Oxygen plasma 0.89
B23 " " 0.89
€26 " " 0.89
131
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4,3 MECHANICAL_TESTING,

spocimens of the throe aluminized 1lws. tefion, mylar and kapton, and
the structural material draphite epoxy were pxposed to plasmas and
measured for changos in mechanical proparties,

4,3.1 anhanjcal_lgpﬁjpn

Tension anatvsis of the threo atumindzed 1w wevre conducted,  Measure-
ments of ultimate load and calentations fur porcent elongation are thown
in Table 4. Mylar film which was exposod to heliun plasiia was not no
ticeably affected with raspect Lo 1ty Lension property. However, oxyqen
plasma treated mylapr exhibited a marked decrease in elongation charactoer-
fstics.

Teflon film also was not, with respect to tension measurements, affected
by exposure to helium plasma. A moderate reduction in elongation was
noted for oxygen plasma treated samples.

Kapton film was not noticeably affected by oxygen plasma. However, helium
plasma exposure resulted in an increase in percent elongation of kapton

film,

4.3.2 Mechanical Three Point Bend

Three point bend measurements of plasma treated graphite epoxy specimens
are recorded in Table 6. Graphite epoxy, which was exposed to helium
plasma, was unaffected. No measurable changes occurred following a 6
hour helium plasma treatment, whereas oxygen plasma effected A moderate
reduction in load values of exposed specimens of graphite epoxy.

4.4 FLECTRICAL RESISTIVITY

surface resistivity tests were performed on specimens ot vacuun depositoed
aluminized miveors. The average of three measurements for each specinen,
pefore and after plasma exposure, i shown in Table 7. The resulty
showed surface resistivities from 10!l to 1014 ohms and no consvistent

chanyes between before and atter plasma exposure Lpecinens,




Tablo 6:  Mechanical Tensian Propertics of Materials
Exposed to Helium and Oxygen Plasmas a

g - o - "
. 4 Samplo , Mtimate Load | Elongation
Matorial Nuibor Troatment, (Th) (")
A3 No plasmn h,¢ I
6 " O,¢ Iih
GY " 6,0 100
AlZ Holdum plasing hd "l
Mylar B1Y " Lol 70
CIH " 4.4 3/
A?L Oxygen plasin 1.0 0
B24 " 2.3 1
G2l " 2.6 ¢
A3 No plasma 2.0 150
B6 " 4.9 280
c9 " 3.6 240 f
Al2 Helium plasma 2.1 230
Teflon B15 " 2.1 241 4
C18 " 2.2 180
A21 Oxygen plasma 1.7 76
B24 " 1.6 68
JL ca7 " 2.2 87
A3 No plasma 21.5 28
B6 " 29.0 70
C9 " 25.2 30
Al2 Helium plasma 32.3 80
Kapton B15 " 32.3 70
¢c18 " 34.6 87
A21 Oxygen plasma 17.6 18
B24 " 25.0 46
ce? ! 20.4 h

? yalues ubtained using an Instron tester with
a ¢all movement of 0,11"/minute,
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Tablo 6

A A ————————

Throe Point RBend Propertios of Graphite

Fpoxy Lxposed Lo Holtum and Oxyqen Plasmas,

Sample . Thickness Width Ultimate |oad
Numger Treatment (inches) | (fnches) (Ih)
% S
A No plashia 0,012 0,545 7 D
Bo " 0.011 0,554 10.1
¢9 " 0,015 0.568 13.7
Al2 Helium plasma 0.u11 0.521 10,1
B15 " 0.012 0.555 10.8
Cl18 " 0.011 0.499 8.8
A21 Oxygen plasma 0.011 0.536 9.4
B24 " 0.010 0.548 7.8
c27 " 0.010 0.534 5.0

Y Per ASTM standard, span 1/2", head movement

0.11"/minute, 50 1b cell

b

500 1b/cell for this sample only.
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Table 7: Electrical Resistivity of
Vacuum Deposited Aluminum

Mirrors

m PR
Resistivity
gﬁmgés Plasma Treatment .
Before After
A3 No plasma 7.12 x 1013 1.78 x }014
c9 No plasma 1.46 x 1013 3.14 x 1011
A12 Helium plasma 5.72 x 1013 1.03 x 1034
B15 Helium plasma 6.28 x 1012 shorted
c18 Helium plasma 8.05 x 1011 1.79 x 1012
A21 Oxygen plasma 1.19 x 10%3 3.56 x 1013
B24 Oxygen plasma 2.14 x 1012 1.9 x 1012
€27 Oxygen plasma 7.0 x 1012 1.89 x 1012

S
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4.5 VISUAL EXAMINATION

Low power visual examination of oxygen and helium plasma treated materials
was performed. . No surface changes were noted in any of the specimens

with the exception of the black coating, polyurethane flatblack. S1ight
changes were observed in this material for helium plasma treated samples,
whereas oxygen plasma effected a major surface change. Erosion of the
surfacé to the primer was noted, The polyurethane flatblack specimens
were examined further with the scanning electron microscope.

4.6 SCANNING ELECTRON MICROSCOPE

Electron micrographs were made of the test material polyurethane flatblack
(Section 4.5) after plasma exposure (Figure 2). Surface alteration is
readily observed in both the helium and oxygen plasma treated samples.

4.7 STERILITY

Results of sterility testing of sample materials, inoculated with con-
trolled numbers of B. subtilis spores, and exposed to plasmas aré given
in Table 8. Sterility of all samples was not attained. However, from
initial numbers of 106, the number of organisms that survived totaled

no more than 2 spores per three specimens of material. Visual location
of the dense spot of inoculum on..a specimen was not jdentifiable follow-
ing plasma exposure,
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b : Table 8: Sterility of Materials Exposed
: | to Plasma
:,‘, . ‘I m
: Material @ Helium Plasma Oxygen Plasma
I Teflon Ns P NS
| Mylar s € S
Kapton NS S
Mark 8 S S
Polyurethane S S
Flatblack
. Anodized NS S
; ‘ Aluminum
' Graphite Epoxy NS S

€ Sterile (S)

? Three replicates of each material per plasma.

138

b Not sterile (NS): no more than 2 organisms per sample (105) survived,
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5.0 SUMMARY

Nine selected spacecraft materials were subjected to excessive exposures
of helium and oxygen plasmas (6 hours). Specific material analyses were
conducted to determine material compatibility with the process. The re-
sults are summarized in Table. 9. The reflectance of all materials, ex-
posed to helium plasma and oxyqgen plasma, with the exception of one,
polyurethane flatblack, remained unaffected by the plasmas. Transmission
and electrical resistivity also were unchanged.

Thé three aluminized films tested, teflon, mylar and kapton, did experi-
ence some modifications in mechanical properties due to plasma. The
changes in measurements ranged from slight to marked, with particular
observation of alterations in percent elongation due to oxygen plasma.

Complete sterility of all material specimens with thick inoculation

"spots" was not observed. However, those samples that were not sterilized
had no more than 2 viable spores from an original level of 106.
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